Vasomotor reactivity of human pial veins, ob tained in conjunction with neurosurgical operations, was studied in vitro. The effect of transmitters in nerves pre viously recognized in these vessels, as well as that of neuromodulators, was characterized. A comparison of these effects with their effects in the nearby pial arteries of the same patients was made. It was found that the veins were equipped with more sensitive a-adrenergic re ceptors (lower EC50 values) than the arteries. The reverse was found for 5-hy droxytryptamine. Acety lcholine, which causes an endothelium-dependent dilation of pial arteries, contracted the veins despite an apparently intact endothelium. Considering the lower maximum values in veins, responses to histamine, the neuropeptides calci-Cerebral veins are supplied with smooth muscle elements that are able to produce both contraction and relaxation. Due to the low pressure difference between the vascular lumen and cerebrospinal fluid (CSF), even a minor contractile equipment will be able to cause considerable changes in venous diam eter. This will contribute to the regulation of cere bral blood volume and thus the intracranial pres sure. Well-developed smooth muscle cells, primi tive muscle cells, and/or pericytes with contractile elements have been demonstrated in the wall of pial veins and venules (and occasionally in brain paren chymal venules), in larger animals and man (Rog gendorf et aI.
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One determinant required for changes in vascular diameter is release of vasoactive substances from such sources as perivascular nerves. Candidates for such release in pial veins are noradrenaline (NA), neuropeptide Y (N PY), serotonin (5-HT), sub stance P (SP), calcitonin gene-related peptide (CGRP), and vasoactive intestinal polypeptide (VIP), found in nerve plexuses around these veins in various species including man (Nielsen and Owman, 1967; Edvinsson et aI., 1982 Edvinsson et aI., , 1983 Edvinsson et aI., , 1984a Itakura et aI., 1983 Itakura et aI., , 1984 Nakakita et aI., 1983; Hanko et aI., 1986) . The network is sparse but may, in relative terms with regard to the thin contractile layer, be as dense per volume of contractile cells as is the arterial tree. Evidence for adrenergic and nonadrenergic nerve terminals in rat and cat pial veins has been obtained by electron microscopy (Nakakita et aI., 1983; Gotoh et aI., 1986) , Hista mine and 5-HT may also be released from perivas cular mast cells; however, these cells are few in number, or absent, around veins of the cerebral cir-culation (Edvinsson et aI., 1977) . Acetylcholine (Ach) [acetylcholinesterase (AchE) and choline acetyltransferase activity (ChAT)] has not been de tected in nerves of cerebral veins (ltakura, 1983; Nakakita et aI., 1983; Kahrstrom et aI., 1987) .
Effects of vasoactive agents in veins cannot be
anticipated from knowledge about their action in arteries, since veins have a functional spectrum that is fundamentally different from those of ar teries. In fact, marked differences in responsive ness to naturally occurring vasoactive substances have been found between arteries and veins in the peripheral vasculature (Altura, 1978; Vanhoutte and Janssens, 1978; van Neuten and Vanhoutte, 1981; DeMey and Vanhoutte, 1982) . The present study was undertaken to investigate the pharmaco logical events underlying responses to vasoactive messengers present perivascularly in pial veins, in comparison to arteries, utilizing a well-established, in vitro method.
MATERIALS AND METHODS
Pial veins (600-1,000 j.Lm) from 17 humans, in some cases together with a nearby artery (300-600 j.Lm), were studied. The pial veins were overlying macroscopically intact tissue from the temporal or frontal lobe and were obtained in conjunction with brain tumor operations. Electrocoagulation was avoided in this operation area.
Registration of isometric tension
Within 60 min after removal, 2-3-mm-long segments of the vessels were dissected and mounted on two L-shaped metal holders (diameter 0. 1-0. 2 mm) in a 2.5-ml organ bath (Hardebo et aI. , 1986) for registration of isometric circular contractions and dilations upon exposure to the various active agents. The bath contained a Krebs-Ringer buffer solution of the following composition (mM): NaCI 118, KCI 4. 5, CaCI2 x 2HzO 1. 5, MgS04 x 7H20 1. 0, NaHC0 3 25, KH2P04 1. 0, glucose 6. 0. In some tests a depolarizing potassium solution, achieved by replacing all NaCl with KCI in the buffer solution, was used, which gave a final K+ concentration of 123. 5 mM and a Na+ concentration of 25 mM. A calcium-free solution where all CaCI2 was omitted and EGTA was added in order to eliminate calcium in the extracellular medium was used; the vessels were incubated in the absence of Ca 2 + and with the addition of 5 x 10-3 M EGTA for 10 s, followed by 10-4 M EGTA for 10 min during exchange of the bath solution three times (see similar methods utilized by Mul vany and Nyborg, 1980; H6gestiHt and Andersson, 1984) . Bath temperature was kept at 37°C and pH at 7. 35 by continuous slow bubbling with 88. 5% O2 and 11.5% CO2, After mounting, the vessels were subjected to a passive load. Separate tests were performed to elucidate which stretch-induced tone (passive load) would result in op timal contractile response. In the veins, an induced tone of 0. 5-0. 6 mN was found optimal. A smaller, up to 0. 3 mN, load resulted in lower or no responses, and further stretches also gave lower contractions. In arteries an ini tial tone of 4-5 mN was optimal. Following this initial stretch, the vessels slowly relaxed about 0. 1-0. 2 mN (veins) and 3-4 mN (arteries), to a stable resting tone during an accommodation period of about 60 min. No spontaneously-developing, increasing tone appeared fol lowing the initial stretch, of the kind regularly seen in the rabbit facial vein (Winquist and Baskin, 1983) . Contractile responses to the vasoactive agents were studied at resting tone. In studies of dilations, the vessels were actively contracted beforehand with prostaglandin F2a (PGF2a; 3 X 10-6 M) or NA (usually 3 x 10-5 M). In some arteries the endothelium was mechanically re moved (Hardebo et aI. , 1986) . This technique cannot be applied to the delicate veins without substantially dam aging the contractile elements.
Statistical analysis
Student's t test was used for comparison between groups of data. Results are given as mean ± standard error of mean.
Drugs
Acetylcholine (Sigma), atropine sulfate (A lcon), BAY K 8644 (Bayer), bradykinin (Sigma), rat and human CGRP (Peninsula), methoxyverapamil hydrochloride (D600; gift from Draco, Sweden), diltiazem hydrochlo ride (gift from Ferrosan, Sweden), EGTA (Sigma), 5-HT hydrochloride (Sigma), ketanserin tartrate (gift from Janssen-Leo, Sweden), neuropeptide Y (NPY; Penin sula), L-arterenol hydrochloride (N A; Sigma), nimodi pine (Bayer), phentolamine methane sulfonate (Ciba), prostaglandin E1 (PGE1; gift from Dr. John Pike, Up john), PGF2n (Amoglandin; Astra, Sweden), SP (Penin sula), uridine triphosphate (UTP, Sigma), VIP (Penin sula). PGF2n and nimodipine were delivered in their sol vents. EGTA, dissolved in 0. 9% saline, was adjusted to neutral pH by NaOH. Methoxyverapamil was dissolved at a high concentration in alcohol and further diluted in 0. 9% saline. The solvents were without effect on tone in the final concentrations used. All other agents were dis solved in saline. Ca-EDTA 3 x 10-5 M was added to NA to prevent oxidation.
RESULTS

Contractile agents
NA. A stable contractile response was obtained in all pial veins studied. Naturally, Emax were con siderably lower in veins than in arteries, as for all other contractile agents. The EC50 value was signif icantly lower in veins than in arteries ( Table 1 ; Har debo et aI., 1983). The contractile response was to tally blocked by phentolamine 3 x 10-6 M in both arteries and veins, indicating that the responses were mediated by stimulation of a-adrenergic re ceptors.
5-HT.
The majority of pial veins contracted upon exposure to 5-HT. The EC50 value was significantly higher than in the pial arteries ( Table 1 ; Hardebo et aI., 1983) . Ketanserin 3 x 10-9 M considerably re duced the response in the arteries and veins, indi cating that stimulation of 5-HT 2 receptors was probably responsible.
Ach. A contractile response and no dilatory re sponse were found in the majority of veins (Fig. 1) .
These responses were abolished by the muscarinic 
Em•x (mN) 6.13 (4/4) 7.74 (4/4) 0.50 (1/S) (3) NA, noradrenaline; 5-HT, serotonin; Ach, acetycholine; NPY, neuropeptide Y; PGE2"" prostaglandin F2",.
Mean Emax values for the contractile response (number of tests with contractile response/total number of tests, within parentheses), followed by E Cso values in those tests where such values could be accurately calculated (mean ± SEM; number within parentheses).
a After removal of endothelium, to eliminate the dilatory Ach response in the artery b p < 0.01
receptor antagonist, atropine 3 x 10-7 M. Human pial arteries dilate to Ach via an action on the endo thelium (Hardebo et aI., 1985) . Therefore, in order to unmask a contractile response in the arteries, the endothelium was removed. However, only one out of five arteries displayed a minor contraction ( Table 1 ). N P Y. A contraction was found both in the vein and artery. In those veins where ECso values could be calculated, the mean value was similar to that found in arteries.
PGF2n. A stable contraction was obtained in both arteries and veins. PGF2n or NA were therefore used as precontractile agents when the response to relaxatory agents was studied. K+ depolarization. All pial veins contracted upon exposure to the high potassium solution, but the response was transient and was lost within 2 min in the majority of tests (Fig. 2) . Only a few vessels displayed a minor contraction beyond this Higher doses were also tested, but did not result in a more pronounced dilation in any veins tested from the various animals and man.
Isoprenaline. Isoprenaline did not dilate any of the veins or arteries, indicating that no �-receptors are present in these large vessels.
Histamine. In two out of seven tests in human veins, a minor dilation was obtained ( Table 2) . Ar teries responded more readily (Hardebo et a!. , 1983 ).
PGE}. PGE1 was a potent dilator of NA-induced tone in human veins and arteries in the dose given ( Table 2 ; Hardebo et aI. , 1983) . UTP. This nucleotide induced dilations in both arteries and veins (Table 2 ). In concentrations above 3 x 10-5 M, a contraction was seen in both types of vessels.
VIP. Only one out of five pial veins dilated weakly, as compared to a pronounced relaxation in the arteries (Table 2; Hardebo et aI. , 1983) .
SP. SP induced a minor dilation in some veins, as
compared with a marked relaxation in the arteries (Hardebo et a!. , 1985) .
CGRP. A strong, transient dilation was obtained
with this peptide in all veins and arteries tested ( Fig. 3a ; Ta ble 2). In this respect, rat CGRP and human CGRP were equally effective. Bradvkinin. This peptide was almost as effective as tran �ient dilator of veins as CGRP (Fig. 3b; Ta ble   2 ). Also the arteries markedly dilated (Hardebo et a!. , 1985) . At concentrations above 10-6 M, a con tractile response supervened in both veins and ar teries.
Calcium antagonists. Nimodipine, in doses up to 3 X 10-7 M, did not affect NA-or PGF2,,-induced contractions in pial veins (seven vessels), as com pared to a pronounced blockade in three arteries.
Diltiazem did not affect NA-or PGF2,,-induced contractions in the veins at a concentration of 3 x 10-6 M, but at 3 x 10-5 M the NA-induced tone was reduced by 23% (mean of two tests) and the PGF2,,-tone by 28% (mean of three tests). The minor, stable K + -induced contractions obtained in a few veins were considerably reduced by diltiazem 3 x 10-5 M.
Methoxyverapamil, at concentrations up to 3 X 10-5 M, did not affect NA-or PGF2,,-induced tone (in three and four tests, respectively) in the veins.
DISCUSSION
Cerebral veins are equipped with perivascular adrenergic nerve fibers. Stimulation of these nerves, originating in the superior cervical ganglia, causes constriction of feline pial veins at normal and elevated intracranial pressure, as well as at normo-and hypercapnia, as observed through a cranial window Johansson, 1981, 1983; Auer et aI. , 1981 Auer et aI. , , 1983a Gross et a!. , 1982; Gotoh et aI. , 1986) . The present results indicate that cerebral veins are equipped with highly sensi tive a-adrenergic receptors, which are even more sensitive than in corresponding arteries-con firming earlier studies using topical application of NA on brain surface veins in cats (Dora and Ko vach, 1983; Ulrich et aI. , 1982) . No �-adrenergic receptors were found. This finding adds further support for sympathetic nerves being of importance for the regulation of cerebral blood volume and, hence, the intracranial pressure (Owman and Lindvall, 1983) . Sympathetic stimula tion decreases cerebral blood volume (Edvinsson et al., 1971 ) and intracranial pressure (Auer and J 0hanson, 198 1) and induces a proportionally stronger constriction in small rather than in large pial veins (Auer and Ishiyama, 1986) , indicating that drainage of blood out of brain is the net effect of adrenergic ally induced venoconstriction.
NPY has been shown to coexist in adrenergic nerves of pial arteries and veins (Edvinsson et al., 1984a) . A minor contraction was presently obtained with NPY in human pial veins, in analogy with findings in cat pial veins in situ (Edvinsson et al., 1984a ).
In the present study, 5-HT, found in nerves in the walls of cerebral veins (Edvinsson et al., 1984h) , contracted large pial veins through activation of 5-HT2-receptors, although to less marked degree than the arteries, confirming to some extent findings upon topical applications in cat (Leber et al., 1983) . Large pial veins were less reactive to 5-HT than corresponding arteries in terms of Emax (Leber et al., 1983) and ECso value (present study). Leber et al. (1983) Histamine, present in brain perivascular mast cells, is rarely present, or is absent, around veins . Perivascular microapplica tion of histamine in cat caused no changes in venous diameter, in contrast to causing a marked increase in arterial caliber (Gross et al., 1982) . In this study, a weak dilatory response was noticed to histamine in a few human pial veins, as compared to a marked relaxation in corresponding arteries (Hardebo et al., 1983) . Hence, it appears as if the vasomotor influence of histamine in pial veins is in significant.
Acetylcholinesterase (ACE) has not been identi fied in perivascular nerves of rat and cat pial veins (Nakakita et al., 1983; Itakura, 1983) , and no ChAT activity is found in human pial veins (Kilhrstrom et al., 1987) . Sources of Ach in the circulation are negligible, whereas a contribution from the extra cellular brain compartment is probable. In contrast to a dilation in pial arteries, only a contractile re sponse was presently obtained in the pial veins. This is in accordance with findings by Dora and Kovach (1983) regarding topical application in cat.
The Ach-induced dilation in arteries usually re quires an intact endothelial function (Furchgott and Zawadzki, 1980) . Pial venous endothelium appar- Vol. 7, No.5, 1987 ently lacks the ability to produce a factor that may cause smooth muscle relaxation upon exposure to Ach. In peripheral veins an endothelium-indepen dent relaxation has been reported (Vanhoutte et al., 198 1) . Further, various peripheral veins elicit either no relaxation or transient relaxation from agents such as Ach, ATP, bradykinin, A 23 187, thrombin and arachidonic acid, which cause marked endothe lium-dependent relaxations in most arteries (Furch gott, 1984) . Consistent with the present findings, contractile responses, more pronounced than in corresponding arteries, have been found in certain peripheral veins (DeMey and Vanhoutte, 1982) .
Prostaglandins are formed locally from arachi donic acid at certain conditions, also in the brain.
PGF2u is a prominent constrictor and PGE, a potent dilator of feline and human pial arteries (Welch et al., 1984; Hardebo et al., 1983) . There is limited available data concerning the reactivity of pial veins to prostaglandins. From the present findings with PGF2u and PGE, it appears that they do react in a similar manner as the arteries.
UT P may be released from platelets into the blood stream during disruption. Its release causes an endothelium-dependent relaxation in human pial arteries (Hardebo et al., 1985) , whereas in most ar terial regions of various animals a contractile ac tivity predominates. Presently, the reaction of the veins is similar to that of the nearby arteries.
Cat cerebral veins are innervated by nerve fibers containing VIP, and perivascular microapplication of VIP in situ resulted in small increases in pial venous caliber . Only a minor relaxation was presently observed in one out of five pial veins.
Infrequently, a few SP-containing fibers can be found in cat pial veins, and microapplication of SP to these cat pial veins causes a significant increase in pial vein caliber . In the present study, SP induced dilations in some of the human pial veins. The prominent SP dilation in the pial arteries is endothelium-dependent (Hardebo et al., 1985) . Recently, CGRP has been identified in pial arteries and veins from various species ; some of these peri vascular nerves contained both SP and CGRP. In arteries, this pep tide is a strong, endothelium-independent dilator (Hardebo et al., 1985) , and in veins, a prominent dilatory response was also revealed. Upon topical application to cat pial veins, CGRP failed to in duced relaxation (Edvinsson et al., 1986) . The func tional significance of the peptidergic innervation and vasomotor activity in veins remains to be es tablished.
In brain tissue injury, high concentrations of bra dykinin may be formed from circulating kininogens or locally in the vessel wall (for reference see U n terberg et aI., 1984). This peptide is a prominent, mainly endothelium-dependent dilator of the cere bral arteries in various species including man (Un terberg et aI., 1984; Hardebo et aI., 1985) . Also, in the present study, the human pial veins were found to dilate. In cat pial veins a minor contraction has been observed following superfusion of the ex posed brain surface (Unterberg et aI., 1984) . Such contractions were also seen in this study at high doses.
Although the inherent tone in vivo and the ago nist-and depolarization-induced contractile re sponse of peripheral and pial veins are dependent upon extracellular calcium, these vessels are less sensitive to several calcium-channel blockers than arteries (van Neuten and Vanhoutte, 1981; Bevan, 1983; Brandt et a!., 1983; Winquist and Baskin, 1983) . Presently, diltiazem, nimodipine, and me thoxyverapamil were used as such blockers (in doses at which only potential-sensitive calcium channels would be affected as judged from studies of arteries). The contractile response to NA and PGF2a was not affected by these calcium blockers, or by omission of extracellular calcium; this sharply contrasted to findings in pial arteries. Fur ther, the potassium-induced venous contraction was rapid but transient, and less than the Emax values for NA and PGF2a, which is usually not the case in pial arteries Ed vinsson et aI., 1983) . The two-phase contraction to potassium in pial arteries is-in addition to an ad renergic component-caused by a transient rapid and a slower influx, respectively, of calcium through two different channels in the smooth muscle membrane (Hogestatt and Andersson, 1984) . The calcium influx promotor, BAY K 8644, did not enhance this response, or cause any con traction by its own of the veins. This indicates that calcium influx, especially through potential sensi tive channels, operates to a considerably less ex tent in pial veins than in arteries, and thus con tributes less to the contractile response to receptor agonists. Perhaps this is a general feature for vessels that are not primarily blood flow regulating but instead capacitance vessels (see also the review by Auer and MacKenzie, 1984) .
